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ABSTRACT

The oblectives for the research program under this ccntract werc Lo

~ oLt m thearetic 1 o0 zuporimental teventigation of microuar . Tagii-
niques with a view toward development of devices applicable to surveil- :

lance systems; the emphesis was primarily directed toward requiremcnts
of phased array radar systems. 7This report, covering the period Novemeer
196k through October 19A7, summarizes the principal research findings on
Lthe tollowing projlects, conducted for varying lengths of time o this

contract:

1. Thin Film Trensducers

Il. Accustic Weve Tevices

—
—
—
0

arrier Wave Propagstion
IV, Wnistler Mode Propﬁgation in Solids
V. Treory cof Carrier Wave Propagation
Vl. FExtended Ir‘eractiorn Klystrons
. Centipcde TWT
1. Periodic Ferrite Deiay Lires
IY}’!Adiqbaﬁic Magnetoelastic Convoersion in the Time Domais
X. Treory of the Gunn Effect
XI. Guided Acoustic Waves
Xil. Telay Line Studies
X11l. Magneticelly Dependent Sound Wave Interactions
Future reperts concernirng the projests to be continued will e r'our
i reports on Contract F30602-68-C-0074, “Microwave Acoustic and Rulk

Levice Technigue Studies” which 1s a direct continuation ol this efrort.
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EVALUATIOR

l, The objective of this contract, a direct follow-on of
AP30(602)~257%, "Multime¢rawatt Broadband Microwave Tuben"

vas t0 inveetigate new concepts for the generation and control
of microvave energy for application to large ground-based
multi-element array radars. Some high powver tube work

carried over from the predecessor contract, but by-in-large,
the investigations were confined tc microwave solid-state
devices using the -lectronic and mechanical properties of

bulk snd thin filp materials.

2. Particularly notavle were the vcontractor's efforts in the
field of microvave acoustics where vast strides were made in
improviag the state-of-the-art of bulk acoustic microwvave
transducers by the deposition of thin (half wave length)
active (piezoelectric) and passive (conductive or impedance
matching) filme. Insertion losses of as lovw as 3 db over a
narrov bandwidth using C4S and 13 db over very wide bandwidths
using Zn0 have been demonstrated. To date, the contractor
still leads the state-of-the-art in this area and is pioneering
work in the deposition of thin films of nev materials having
vastly improved acoustic capability.

3. A consliderable amount of theory has been producea in other
areas of microwave acoustics (including magnetoelastic pnenomena
in ferrimagnetic insulators and surface wave propagation in
piezoelectric materials), in electromagnetic wave transpert

and instability phenomena in semiconductor, and in nigh powver
microvave tube circuitry by the ianvestigutors and students
vorkiang under them. A cocmplete bibliography of reports and
publications resulting from the contract is listed in pages

9 thru 13 of the final repurt. Many of the ideas discussed

in this publication have been sunsequentiy investigated
further by industrial concerns active in the respective fields.
Some of the work listed within is being further pursued on
F30602-68-C-00T74 "Microwawe Acoustic and Bulk Device Technigque
Studiea” which is & direct continuation of this effort.

WILLIAM E. WILSON

Project Engineer
Electron Devices 3ection
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INTRODUCTION

This report is intended to summarize bfiefly the activities of th.
Microwave Laboratory under Contract AF 30(602)-3595 for the period
dovember 1, 1964 through October 31, 1967.

During the course of this contract, a large number of quarterly
reports, technical reports and publications have been issued which
described in considerable detail all of the work done under this contract.
This report is merely a summary of tne various topics which havs been
investigated. Since the main body of this report consists largely of
separate items concerning each of the separate topics which have been
investigated, it may be of some value here to review the ﬁtogram in a
somewhat broader context to point out the main directions'of activity,
what the nrincipal contributions have been, and what this may imply for
future work under successor contracté. As a subsidiary function, which
may be useful in providing background for this report, we will also in-
clude here a brief history of the work done under the predecessor contract.

In this introduction, thergfore, we shall start with this historical
hackground as, in some ways, it clarifies some of the reasons for thg
directions of-the work undertaken and reported herein. This is of
particular significance since the current contract represents an
important transition from a long history of research in microwave tubes
into new areas which were important to the interests of RADC, and which
seemed to require considerable research effort and the consideration of
some new concepts.

For a number of years, under the predecessor contracts, the Microwave
laboratory undertook extensive investigations in high power microwave
tubes and particularly; in more recent years, high power traveling wave
tubes. We shall not attempt to adhere to a strict chronology, Eut
merely wish to emphasize some of the activities under these cor.racts,
some of the accomplishments, and their historical connection to the

prescnt contracs.

~
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The first major activity undertaken at the Microwave lLaboratory
for RADC was the development of a pulsed L-band klystron, jointly with
Litton Industries. The contribution of the Microwave Laboratory was to
provide the eclectrical design, to bhaild some;preliminary models, test
them, and assure satisfactory electrical performance. This is tiw tube
which is now known as the L3035. Litton wac to pro#ide the mechi:nical
design in such form‘phat they could take over the program after the
initial development and go into production. The laboratory buil: some-
thing in the ord~r <f a Aozcn tubes. The program has been successful,
and has been considered by all concerned as an outstanding examp:.c of
collaboration between an academic research laboratory. the goverament,
and industry. |

‘Subsequent to this, the luvuratery under RADC auspices began to
turn its efforts toward pulsed traveling wave tubes operating in the
range of several megawatts. It was felt that the skills and exporience
uvuilubic in the Microware Laboratory with pulsed klystrons coul be
transferred 1n u usetul way to high power traveling wave tube wcrk, and
sach u proyram wus initiated. There had been an earlier prograr in the
Microwave . aborstory ander a Joint Services contract which had & lready
Jdon~ some preliminery investigation of traveling wave circuits u-ich
were Suitut,- tur pulsed traveling waves, and this preliminary worr was '
then contin.-d in u more extended and directed way under RADC a.cpices.
I* is dirficult to pinpoint exactly at what stage the program w:s
sransferr+d from cther auspices %o RADC, or to draw a-sharp divi:iing
iine tetween the previous activities in this field in the Micro.ave
Lavoratory and that done with RADC. However, it is certainly tr.c that
thee principai contribution in this country to the development o pulsed
:buVUJing wave tubes of the kind which are now being widely :sea in
systems was achieved in the Microwave jaboratory inder the ausp’oes of
RADC.

We iist tere som- of the circuits that wer Jdeveloped, some ol the
proviems that were solved in connection with vpening up the who.- field

of pulsed traveling wave tubes, and ‘! pros:nl impy.t of this L oorK.
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Circuits which were first invented or developed at the Microwave
Lavoratory and largely brought to the point of practicalit -nder RADC
digpicee inclided the centipede structure, the cloverleaf structure,
the jong slot structure, the crosswouné helix (and related circuit,
*a» ring bar -ircuit), and also the coupled cavity circuit.

The coupled cavity clrcult was first worked on extensively at the
" ranford Micruwave Laboratory. It was used here in the first traveling
wave tube ever run at peak powers of hundreds of kilowatts and then
iater also at something over a megawatt. Modified versions of this
~ircuit are now widely used at lower power levels either c~ or pulsed
in tubes operating in the range of 10 to 100 kilowatts, particularly
in the X-band region. Probably all of the traveling wave tubes used
for satellite ground stations use this circuit at present.

The crosswound helix, or ring bar circuit, invented a: the Stanford
Microwave Laboratory was extensively investigated and its inique
vroperties demonstrated here. It is now the principal cirouit used for
pualsed opeération at ten to several hundred kilowatts, particularly where
e1ther wide bkand and/or low frequency operation is concerned. It is
atout the only aveilable circuit for power up to, say, 100 kilowatts
and for bandwidths above 10%, below S band. It is also us~d at lower
;vﬁk powers al higher frequencies, when the bandwidths reg.ired are
more than is ~onveniently achievable with the coupled cavity clrcuit
mentioned above. The circult is now used as the primary power source
in some experimental phased array radars and as a driver t.be for
megawatt traveling wave tubes which require tens of kilowatts of drive.

The cloverleaf structure is the principal circuit currently used
for traveling wave tubes operating above a.megawatt of peax power. All
the basic concepts, clrcuit parameters, matching, methods of attenuation,
ete. were developed under RADC auspices at Stanford. The crincipal
systems requiring powers in this range presently use this circuit.or
variations thoreof’, such as the tﬁystron. Aside from operating systems
' using this tune, there are other important uses of this circuit for

very high pras und average powers which are now in developrent.
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The centipede, which is an alternative circuit to the cloverleaf,
hes bueen luss cktcnsiVuly'1nve§;iguted. IL was invented and built at
Lthe Microwave Luborupqry under RADC auspices, and has demonstru(ed the
highcsL bahdwiﬂtﬁ avuilable in ﬁﬁitinegauu't travcling'wsvo tutes.

It was auccessfu]ly Jeveioped st the Microwave Laboratory, after Lhe
rAuvcrlcnf in an athmpL Lo obtain upnrevxably greater bandwidtk. 1In
rany applicatlons, hOhGVUr, the bandwidth achievable wilh the cloverlear
ks been adequate, 'so most of the subsequent tube development elsewhere
has‘beeh made using the cloverleaf. If greater bandwidth is nceded,

_the centipedé seems -to be the ‘more likely candidatc and RAIX at this

moment i8 wclaally having a centipede tube developed for this reason,
in un indusirial laborstory. . o '
Asxdg from thv ‘high power travc‘ing wave t,be xork, there was also
considerable r‘rort in investigatlng the so-callied distrituted inter-
w:tion kivsiron in whisk auvi'ios o th¢ nlgSLron have a geometry so
tint the clevlrons interact with a tield over an ext:snded reglon ingteud
-or in a narrow say.' The cavily can ve a resorant section o a h2lix,
or m:ltiyic voilzed vavities, in eaun case the cirgutt telsng mrin resonant
atl Lhe'oécrqzing trequency,. The extended interaction ca"ify has markci
ad:an:ages, in. terms of Land«idth and efxinxenc;, over Lh& conve::;on
LaYroe gaj vuvity. Tese ,ro;ﬂrz;cs wers first demonetrates ander RAIC
c,s,-ves ahd Lnxs kinJ of cav Ly iu nos in use and bving furtier developuws
und et RnLC a E!l(CS al various indusirial laboratori
We uBV“ Lrtr-rtvu oh-, a tare 6iliine 0f thi cariier efrort,
1oinhxn§ o--'dtr-L, some: of Lhe malor accoinplishmente) bkv Lihids rores
U resait dr’muﬂy yearvaarh-Lyﬂh nunber oF jeop le inve 1:;-.1nr»many_f
“gpevte of thesd and reluted }rOXILMs. AL L gxnd of the ;rogran lhnal
hus Jusl teen desorived, iU was beginping Lo be obvioss that the aujor

portion. oft the continsing protlems in wicrowuve tuleg wery lurgels

converne . with technotogy, with reliabiiitv wjth ot devtive:s of gqiua B

L0 Bighey poud und uverage poser «L-en involved ma Lerinis, uooling;

----- M & thun

Pwere pore suited jor dmieseisd slurateric

fecchaizlea.,

1or u whivereily luvorstory. Tnive bad uisc Lo a contin.ual pruwttoof
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interest in the tubes and circuits developed at the Microwave Labderatory

bty many industrial laboratories which began to launch major efforis of

twir own in Lhese arcas end sermed to ke working on the relevant probioms

ir ar adequatc way.

Albng with this shift ir thc nature of the problems in microwave.
tuce rescnrth, it beyvun Lo bLe gpparent that the interests of RALT were
also beginning to shift, particulariy toward deVices which would be
reievant to phased arrays and, more specifically, to comporents such
as delay lines, Integrated amplifiers, etc., which could ve used for

- .lhe handiing and transmission of ;nfcrmntioq, for sigﬁal proceéssing
internully in phtesed arrays or in ciher radar systems, and wrich would
te rompasi - that is, not using eleciron tubes. The ciass of physical
rheromena which could be used for these purposes included acoustic
waves at micfouave frequencies, in insulators, magnetic materials, and-

pirzowlecwric muterisis, carrier coriu~tion in semictendictors, ari srin

ka ]
[ K2l
-
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e

waves i ter is these pherormena and the associated gevices
wpior has abserbed &. great amcunt of the acttivity of the Hisruwave
Lavoratory in reaent yesrs. The resalt has teen ihat- the Miavrowave

‘Laroratory, during ire period covered by this rerort, has chasged the

/]

whoie emphesis of ius rrograsm under PARC aasrires, the nature of its

Y

res—carst, e ype o

voknologlivs avaisetlic in the Lavorstory,
technical skills, and the deiailed problems, fro microwave Lubes 19

as‘uh‘:h have just beer broadly descrived above. Tris shife is
apparent from the listing of the research Lopics in the main body of
the report. Thers are suill vestiges of scme tubde activiiies rrfbrLeu,
tut these were the tail end of the tube activity and thic report Is
largeiy corcurned with activity in alcrowave acousti ”s,»mi:rowave,semi-
cord istor sevives, and microwave ferrite dovises.

might te of value Lo summarize here some oi the righiights of

Lis new program, whici is dusoriced in somewhut more dotail in the voir

of this rejor:i, and in mach more detall in the vario.s refercncus giotod
i varices porvions of Liis repory. Under ine auspices of PATC, weo hats
t

meante T o masvive efteort over
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microwave acoustics. As a part of Lhis we have developed all the
specialized technology necessary for research in this fi2ld. This
includes facilities for making thin film transducers, for polishing
and orienting crystals, depositing films to be used in investigation
of scoustic surlace waves, bonding of various materials, snd olher
related téchnology;fall of which are concerned with acoustic devices
for achieving some c¢f the information handiing objectives mentioned in
the paragraph above.

There have been a number of important achievements which resalted
from the availability of this technology, and this 'will also provide
us with the base for our future activity. Among these achievements we
might mention the work on thin £iim acoustic transducers in which one
depositsvvarious comrinations of metal, insalator and piezoelecctric
films of suitable thicknesses on substrates'so that they provide optimum
transfér‘of enérgy from microwave cavities, or transmission lines, to
avoistiv waves in vl sibstrate.  Wo have made sevoral unigue conmiri-
tutions in producing such films using cadmium suiride, zins oxiie and
aluminum nitride as the piezoclectric materiais and, as a resalt, we

have achieved provatly the lowest insertion loss transduvers al microwove

-frequencies availabie arywhere. -This inclwties b 4B loss using Cd3, ard

€ ¢B with zin- oxide, and we have also opened uf somc new aveniaes tor
further work. The zino oxide trunsdziver was the resiit of e develo: s
ment of &'new-mcthbi of deposition which has been more successful than
sny other échieved eisewhere with this matcrial. We have also hald some
£.iceess #ith the deposition of ottier promising piezoelectric films such
us lithivm niob&tg, but no transdw.cer data is svaiiable yet.
In our work on amplification mcchanisms we have boen atle Lo

clucidate the instabilitics wnich oceur in certain piezoclectric semi-

. These instalilis

[1/]

conduclors which can bte i:sed for avo.istic am; iifier

have vecer. a barrier to maring successful ampliliers, and our program I3
insicated the directions in whi- oo.w SEOsId proc=ed to avoii iie

instatilities which have been so wroutlesome..
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We hav~ also started a very yrromising rrogram orn s:rface acoisti-

; waves and guided acoustic waves in thin fiims. These also have utiliced

ey

the thin film technology we have Jeveloped, and we exy:°t this will lcad
to tic use of guided acoustic weves in thin films on the surface of a -

suhs:rate which can ect as a miniaturized transmission line betwevn th.

e ol buf s doe

.,

various part- of a microwave svstem. There is also the possibtilivy,

by depositing an overlying semironducting film, to build a:ous»x\

VL am

wy ot
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arplifiers using . an interaction between the carriers in the semicornd i-tor
and the surlace waves or Lu1daﬁ Haves in }1ezo°1°ctric media. ’ . ;
r A . - The vwork on ferrite delay lines using YIG primarily has opéned up é@
o some completoly mew possitilities. In addition to invcn:fngiand/or :
developiny several forms of two rort YIG delay lines,.whlvh use TAENCto-

; elastic-wavee for the dolay, we have also opened Up 8 Whoie oW Yalpe T

™

: : of possibilities by making time variable delay lines. ;"is ig a.comjiista-d

kty varying the externa. magaetic ficlé aj; iied vo the YIS,

sigral- to tec jroocssed hes been injected. Under ver io s
circtumstances, ore car a~hiecve variatle delsy, pu sc ror,r-sg.un.
fregaency €aifi, or p.lsc inversiorn of an injeczec sieaal-

up some ex-iting 'ossnn‘.iuee for inforra’ior procc<s ing

10 Tursur ;gr&hcr.
we rave uls0 had an ux:ens*vo progracn 1n"°st1ra'in vario.s
mriifiration meckanisns in varions sem3 ~ondurtors

s

contri-

ar
areenide (Sunn c’“ect) In thisg, we have nadr soﬂe sig:if ~an

i
butions to the Lheoreticul caiculations of the Larg" szpral tehavior of
. Gunn effect devices and also, both experimenially and theoretically, ;
. have b+en able to_investigate somc limitations on the amplitude of

Gunn os:tilliac

'ﬂ

die te avalan-hing within the semiconluctior.

A

: We have @lso toun investipating propagation of variouz waves in

. -

. indium antimonids. OQur «fforts so rar indicate severe] rossitilities
sor e¢ither d4:<lay lincs or ampiificvrs. COn the onu hand, we rave - . -é
investigated theoretically and have some prolisinery experimental

¢ of the possitility of producing so-rvailed carriuvr vaveg in : i

whil: the sial it carriod by the clesirone fromoone cnloof he orustal.
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to another, with high gain.’ By another mechanism, there is indication
that under suitable anditioné; involving a de magnelic field and an
upplied electric rield, one can use indium antimon.de us an ‘ousiir
amplifier. The sxbnilicangc of this wouid be that thc voltage gradicvnis
required would be szgniliuant;y louer ‘than in other materials, such as
CdS, which have been LO“MOhly used for acoustic amplifiers and that also
the galn per unit Yength would;bo much smaller. This latter propirty : -
has an udvantagé beésuse this would imply that onc¢ zould make amplifiers
with long dulaysb(through usihg long “samples) without getiing into

instablility prohlems. A dcluy dine with gain and wilh long delay would

obviously be an important device.* _ '

wclhavv touched here only on a few highlights of the work dune

unlder this contract; It is our intention to continue tie work entircly

in the areas which have ja;t bteen described. Specifically, wo intend

to continue worr or: 1re‘broad prob‘ems of delay line mechanisams, and

delay line devicves including neuns iwcorno'aLing ame. 2itication ino

delay lzncsvanl also on methods by which one von provess a sighal whilc

it is in a delay iine. The nature of suck methods is indicated in some

of the paragrarhs uho§u; Tiis then will in-—lude work in m.crowave seni-

condurior davices, Broussy - &eviéqs{ acoustic amplitiers und chenomerna,

an: rerrite duvi-us. Brbadiy speaking our objeciives wiil v o

investigatu p&cnomenu and devices whicl are relevant to the trunsmission

and processine'bf informé;ion with the resurictior i

devices shoald be compa-t and ir possiticv Irnd themsclves teo inu-gratlion.
- © & [ &

noting thatl roth these pogsitiiilifes fave teen mardedly
.
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1. THIN F1LM TRANGDUCERS
(D. K. Winzlow, M. T. Wauk, J. Larson, and J. White)

A. INTRODUCTION

A very imporhu.t approuch t.o the u.ullzntion oi time d'-lay at micro-
wave frequeneieb is through the use of microwave ucuustic wnvct. in :xol id:.
In all such devices and applications of acvustic waves, une of the large:t
practical dltficu;j;lc;.s hias been in t.iie_couylh@ Tuss 1w Lrumed;;i:d:rs desigr d
to couple microwave cleetromagnetic energy into microwave accustic waves.

In this yrogram wo set up facilities for the rabrication of ..ew tyjus
of transducers, purt.u.ula- ly employling thin rilm techilques, aud constrasts d.
and teétcd l;m TOUS tl in-1ilm tranoduccw a..semblie.a. The o‘.:.}_z_fctiv-: wias o
falricate working modnl'- of ncw approacher te transdu&e.’:‘ desigh and to test
ti eon dz:r.igr.;. in the laberatory by measurements ol coupling locs, FRaste.a

cl.ura;teriftics; and’ L}ectro'ragretic ioput impedm.cn We 1ound . that Ljy tix

proper use Ll Ll llu !il.r &.g co.:..d attaln transducers of very low Cotwer.sioe

loss,

E. SUMMARY CF WORK ACCOMFLISHED

£1m transducers of four df fferant t viezoelwetric miterials were

futricated wd oveluated. The cadrium sulpiide (C4S) thir Tilms win: cili-

con n"\x.‘.xidu (S1D) a1d gold (Au) as quarter wave mcoustic impedance trans-

1ormers vieclded m.....urcd conversion losses for lorgitudinal waves as iow ..
4 AF at & MH:.}' These 1ilms carn be relialldy reproduced, and wore

a:d are used in conjwiction it rany experimentc i thix lulorators. W

Fater "Phe reforoces cited here atd tapo ot o Lhile report ace Lo
sraLus reports pr -:;.-ax'oa for the sutjent con tract., Papors and pitlications
Puctinent to each pro eci are lisied at the ernd of eac:. cectic:..
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chéloped an entirely new method for the deposition of nime oxtde (Zug)
2.

fllme,” 10 ‘and they vtelded low measured conversion 1osses at frequencin&

o 8 Gilz vver large’ bavdwla'ho. "Roth alum!nuam nitride“' (Ai\) and

IHinium nloba'eg'lL (liNlO,; were vacuum dPyoslted as pir selectric Lrany-

o

-dicers tor the tirs) ¢ime, at far as is known, . Botl geuerated oniy lowyi-

tudlnhl_ wﬁver;. Speclal vacuum depas!ition st.atio'\., vere deslgned and cui-
swrustied’ !m' Opnrat 1|.g with Cdn,l 7:\0"7 nd Al.n.L In addition, five
other stu&iang vere designel and constructed for special metal or diclvce-
iric f&lms.l'a'h’g Measurcmernt facilities for evaluatiing the various film
structures are operating from 0.5 to 12 Giz.

Other important results of thls program lncluded the tbllculng:

several sther investigations of thin film transducers have been tomplgted.v”

and si:cAr vave transducers of atouwt. 20 dB at 1000 Miz were assemtled.
1,3,#,10

Eha}o“a‘ed electrode fiims ard specilal mounting iLechniques were

developea pr;mnrily Lo improve the clectromagnetic clrcult characteristiices,
'n“‘ou-linh bolwee:n: (he electrical resoustor and the aroustical thin film

resonator was first observed in 'his latoratory.” Detalled churouciomicel

inforvation on al) these resilis are available ir status reports for tnis

contracl, The imporiai: ani reievan': aspecis of this program will e o=
i : 3

tinued on tihe successar contract.

esre e e s Naeny e
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R. M. Malbon, M, ), 3haw, and . &, winslow. "Multiple Film vransgcers
a! Microwave Freg.encics,” 1Gi ¢ Conferuice on ¥lectron ovice Fe-

search, Mniversity ‘ot 11linoia.

T, ¥. ¥Winsiow and §i. J. Siaw, "Mitiple Tilm Microwave Acuustlc Trans-
dwcers, ' Microwsve lavoratary Report Ho. 14ul, Stanford Untversiry
(Haren 19w); also )‘tliﬂled in 19uC JEEE internationa’ Convetlen

Rucerd Per= Y {March 194c;.
K. M. Malbon. }. Sceiulenturg, and D, K. W%ns]ow, "Thickuiess Monttor 1or
L] . v - . .
Fledectric Flins Using & laser Rearm, Microvave Lat.ora® ary Heporvi
Lo 1.3, Cranford University {Sejlember 19ue}. :

Microwaw

.. -~ LXd v " < H

. M. Malibonm, T T, K. Wirslow, Cinc Oxide Vllw
Acoustic T icrowave Latoratory Bejary No. 17T, Cranden
University ; milsc pullisted 40 Apvi: Pnyve, letters 13,

5-1) {1 Jaruarys 290 ;.
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D. K.. Winslow, "Microwave Acoustic Transducers - Aluminum Nltride and
I4thtum Niobate Films,” 19t/ Symposium on Sotics and Ultrasonics,
Jctober 4-6, 1967, Vancouver, Canade (lnvited Paper). :
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II. ACOUSTIC WAVE DEVICES
PEASE T  {C. F. Guate and W. H. Paydl)
A.  iNTRODUCTION )
T™vo frislatilitles may occur in plezoelectric semiconductors due to

acoustic waves :and dritting carriers. Since toth

the interactlon between

-Anstatilities involve the amplification of acoustic energy, they appear

o-ly atove {ields a1 which the carrlers drift faster than sound. The
fxrs' inotability causes a decrease in the sample current, which oceurs
... This "current sgtura;ion,_is__

cais€£d ty the force a growing accsustic wave exerts on the carriers sand tic

will:in & time of: the order of microseconds

resuliant change /in tie electric field distributlon along the sampie. . T.r-
rent saturation;'we *ind, is observed at fairly low gcoustlc_pqﬁgrAdensitles.
3f Ligrer aroustic pover densities arc aprroaches, the second instapili<cy,

wiich ca:ses “c.rrent oscillat LGPS and traveling Ligh electric figld dcomalit.s,

is ntsers

For: the Tirs* zime;;potenzial-rrabe»wnasuéemEﬂfs were. made on G453, re-

in tie disaovery of - tre uraveling: nerro; -egio s, of nigl electiric .

ficls. ﬁigh fielcé domains were discoverec irn both Ligh resisxivlty pnoto-

conducting and lca re51s\ivi'3 semiconducting CdS. :In the cese of seminon-

L
ducting €4S, the field irside the domain is of the oréer of 3 X 12 vol ’s/cﬂ.

trne doneir w.din is 13-1TOD wicrons, and the velocity of thie traveiing dormat:n

witch is 1.7% :f_cm/Seﬁ.

vas Tournd 1o be equal to uic sheasr vave velocily,

raveling. high fleld domair .is causnd by

T We believe th.av the -ty a negaive

i1fe) rent 163 Ralk- comisctivity when an acoustic signal reaches poae. dcnsl-

va:ts/cm?.;“ ‘ne negative differertial bul(

i£e$ZWHich-éré of tuge orier .ot
:onducﬁlvity may exist Yceause of the fqrpc,exer:el on ; e carriers bj ai.
SQOustié:veve undbf conditione of empliflcation. ThesthVcl¢ng'h1gh_r;e;d’

.domain‘is stserved to Yorn ¥Whel the acoustic crergly. resches_p'fairly yeil

. The trav domair consists of an acﬁumﬁiatioL

-

dufired leved, ling bigh field

=
=
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and a depletion layer of mobile charge carriers, { Experimental evidence

indi{cates that nﬁ 'extremely high intensity pulse of acoustvic energy ac-

companies the domain, forcing it to travel at the sound velocity.
Current saturation and current osc¢illations are very dependent on

the resistivily of thé piezoelectrlc semiconductor. Current saturation

" is mosi pronounced 1n mterisls huving a resistivity of the order of

103-10 ohm/ cm. Current . oscillntxons are large in highly conducting
material (0,0!-100 ohn/cm) and decreasé in magnitude as ihe resistivity

1ncregses.
Square-wave type current oscillations and the traveling high elec-.

--tric fleld domains in cadmium sulfide were discovered and studied. Nu-

mergus cx;\erimen s were performed to determire the behavior cof the trav-
eling domain, the osclllgtion conditions and important parameters. - Ex-
perimental x’-es'-.:lté. lead to the conclusion tnat both current saturation
and currert oscillations as observed are due to amplification of the
cr.ear wave coxmponents of thermal acoustic nolse,

Seme further detsils or this Work are availatle in. RARC-TR-t 4-3kLb
(:-’...'.V. Keport Ho. ]_140 , rirst regular statis report for the centract.
& comprene::éive presentaticn of 8ll tre werk on this p:'o,j.ec'-., incluging
the research performed afier it was transferred to ar.othcx; c\.\ntraé'., is
'

i1. the dissertation of W. H. Haydl, "Current Instabilities 1 Fiezoelec-

tric Semiconductors,” Stawford Universivy (March 19u7).
o r ) . .

PaSE 31 (€. F. Quate, R. B. Thompson, and B. Richardson}

A, IRTROWCTION

When the work cf Pnase 1 mbove was traensfarred, Luie puoject shifted
its Tocus to the examination. of various systems ¢f perareiric amplifice-
tion of arostic waves. A system in which acoustic waves cédudld be trane-

mit_.te-:l" throgh a suitable crystal withoat loss would, ir o.ir view, rerove

a f idamental limitaticr of acoustic delay lines., Sucr interactions
I'e
sh.cild also yrovide 8 metnod of genereting higi intensity sound columns

iy & mosi efficient way.
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We studled a family of problems associated with the parametric pump-
ing of a strain wave tv elther s strong électfoﬁngnetic or straln vave.
Various nonlinearities in Lotk insulating and semiconducting crystals have

teen considerei as a means of coupling the yaves; o
B.  RESEARCH SUMMARY

1. Insulating Crystals

In certain insulating crystals, the elastic nonlinearities offer a
means of amplifying & strailn wave by a strong strain w@ve_phmp;g These

ronlincarities were extensively studied in three m-terlals:7 quartz,

" "MgO, and MnFe. Sinusoidal waves (typically at 500 Mrz with a strain of

10-5) vere excited ty transducers-at the end of the crystals. As the
waves propagated through the medium, they rapidly became deforrmed and
the rol{pwing effects were observed: variation of the attenuatiorn of
ihe fundamental with power level, the presence of second trrough fifh
acoustic hérmonlcs, ard thie growtn and decay of trese harmonics as a
furctior of distance traveled by an acoustic puilse. Trese phenomena

vere sll satisfactorily related to the acoustic noi.lirearities.

2. Semizonducting Crvstals

-
Py

(WA N

-

Ir viczocleectrie sémi: n3ucting crystals, ti:e necessary nOonL-
linearity is provide& Ly the drifiing cérriers; each acosstic wave is
accompanicd ty a carrier wave due to Lie plezoeiectric property of tne
mediu@, “he electric field can directly interact with this currier

wave. Caiculations have indicated the form of the interaction tc te
righly promising, althouéh the fatrication of the expertmen{ is currently
a protlem. 7Tris amplificetion sc'zwe aprears to be of greater promise
ihan the cne for insulating crystals. The ronlinesrities are of large
eriougl. magnitude so that sigrificant amplificatlon can te observed tor
readily otiainable rump. The other schemes are currently limited by

avpilatrle pump powers and noniinearities.
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PAPERS - AND PUBLICATIONS

W. H., Haydl and C. F. Quate, "Current Oscillations in Piezoeleciric Semi-
conductors,” Microwave Laboratory Report No. lhké, Stanford University
(June 1966); also published in J. Appl. Phys. 38, 4295-4309 (Octoter
1967). - R -

R. B. Thompson, C.D.W. Wilkinson, and B. A. Richardson, "Finite-Amplitude
Acoustic Waves in Crystalline Solids,” Microwave Laboratory Report
No. 1561, Stanford: University (July -1967); submitted to J. Acous. Soc.
Am. and presented at the 7370 Meeting of the Acoustical Society of
America (April, 1967), Paper PW8.
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I11. CARRIER WAVE PROPAGATION o 2
- (5. 5..Kino and J. Owens)

A m'moo v on-

) : . The inherent instatility associated with a bulk negative reslstivttv
has been the object aof considerable study Negatlve resistivty occurs
whet: the. curren‘ deqreases wlyh 1ncreaslng electric field.v ;he two types

have baen Lermed Ahe curren» controlled nnd voltlge control;ed differ-

ot

ential nepa.ive resistivity. Cur*ent corY‘olled negn*ive dif‘erentlnl
resistivity is ore in wricb for a given e;;ctric field the current can
have multiple valnes. The common example uf t*is type is a geas discharge.

"In a gas discharge the current is lirear at low fields, and as the field

incrcases.xqp.?gtLOh begits arc resistance drops. Thus, to meintair a

» constant §urré6fy a lower field is required. Thnis is.a: negative resist-’
ncevchafﬁctcEiStié.’~The voltage ccntrolled regltive differentlal re»
sistivivy is éag ir which for a given currert the electric field car have
mul}iﬁigi#ﬁlngs.g A=véil knowniﬁeviéé which exhibits a voltage controlled:
vegative resié:;vity is the Eseki cr‘tunhél d:iode. 1Fromzfﬁe,£xper1tental
work of Zunn, and cre rreviosis work of Ridley, it kas tecome evident tiat
Séticanductors car exiitbli ‘a voltage controlled negstive dif'e*entin- re-
sistiviiy tﬁroughuut the buik of the nnte.lnl. This cese 1s quite dif-
ferent from the tunnel dAlode, in that cne must'cohsider the spatial vari-
ation. of fields and charge throughuut the sample. It was our phrpose to

- ‘ study in detail the structire of the "high field domain” generated i

materials whicr exhibit bulk negaiive'dtfferenttal-résistiVity.

.S?ALL} nﬁbﬂ\x

i

b.
Trneoratical cainiulat ors verc carried out us;ng the most recent
velohitv field c'ara~terxstlcs ard diffusion field characteristics of’
kacn and Kino. Thne results show consideracle differences from emariier
caleuiations. Frow tie characterictiics of tke domains, the domairn po-

tentials vegiired for avaiarching vere caleuieted and from these results




the inherent limitation imposed by avalanchipg was analytically speclried.(’)

We also carried out experimental studies designed to complement ihe theory.
Avalanching within the domaln wvas o\bs“erw:cl,8 and the characteristics of
the radiation from this avelanching wves "svtudl-ed;’? Capacitive prcoe mens‘-
urements were made on the domains to study the propagation chur-cterlstlrs.
Finn.ny, the effects of sustalned nLigh dommin potential were studied in
detalil.

Ve feel that the correlntion betveen the theory lnd experiment is
good. He can now accuxately predict the nvalunching characteristics of
GCunn osclllntors and ifs consequent 11m1tations. A comprehenslve report
on this project 1s nau 1n preparation and should be coupleted in the near
future; tul} depai;s on tiie theory and research will be preserted.

 PAPERS AND PUBLICATIONS

J. M. Owens and :i. S. Kino, "Multiple Currert Spiking in lofy Gunn Cscil-
1lators,” Microwave patoratory Repor: Lo. l4~8, Stanford university
{Septezber 190x:); also published in Phys. Letters 23, ~,3-~5‘
(upyen er. 19’v)

J. G. Ruch ard G,'S. Kino, "Measurement of the Velocity Field Cnnrauter-
Lstic of Cafs,” to be published in Appl Phys. Letters (January 10*5)
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IV, WHISTLER MODF PROPAGATION IN SOLIDG
- (5. S. Kino, J. C. Eidson, J. Shev, and B, Burke) _

A. IRTRODUCTION,

Hél@cons,- L.e., the whistler or helicon mode of electromagnet.ic.
wave prop@éation, can propsgate through a solid along.a de magnetic
field at frequerncies below the cn.rrlex" cyclotron freguency and.are
damped in a2 disiance which ‘depends on the carrier mot;ilify and . magnetic
field. Th‘elré.q\zi.remem tor low loss propagation 1s easily dc:xléved in

" pure n~type :InSb at. 7-7°K and fit_.-lds of & few -kilogsuss; thus this mate-

rial vas chosen for all of ocur experiments,

B. RESEARCH CUMMARY

Initial experiments with helicons involved the transmission of S5 CHz

signals t“mgh t* in slak o“' TnSt. We cbserved ‘tre dimensioral reson-

. snces of‘ the’ slab een by others 1'1 the cases where heltoon propagntie-.

was parallel and perpendicular tc the magneth field Cco'nplrisor of

“theory with our l::ea.s\n-elzuarrte ¥lelded satlsfactory agreere"t 3 und ue be-

san plarmu.,. the more sophlstitated experimem.s with i'elicor.s describoo
bclm : S o o R ’

AL t‘— 8 t.lme re,nx s arpeared’in the llte'ature of microwave emissiot.
Tron inSp suoae(" tc' euctnc and !ragnetlc !iel*e a""" K. '"‘hes- experi-

menls were repeated in thl.s Laboratory, and some i"‘p«rta.nt new observatlox

‘were made. The _noise emssior was found to extend from 30 M2 to beycr.d

X-band: and could bte seen at low electric filelds (~ 10 v/cr) and magnetiz
f‘ie-lds as low és e kiiogauss. We reported the first observation of sirgle
freq ency emiss*loﬁ et S-band from InSo; the oscili_a_tions‘uere veliage
tunavle srd had power levels 10 to 20 dB atove receiver roise (=90 d®m).

A paper co:ecerhi!‘ag the details of tais phenomen_‘on arpegred in Applied
Puysics Le‘ters (Lidson and Xiro). Subsequent measurements reévesaled
furtner narrov tend oscillaticne of highes power (=40 duu-: at lower fre-

Vo
giencies (0.1 - 1.9 aHz).??”

1
N
a)
'

L. oiLiiaTe



While the origin of the noise and coherent emission remained a
mystervy, thenries’vere advanced which suggested thﬁ; a helicon-drift
current inberactlom might be réapennlble.‘ We then began careful and
&etilled measurements of the phase velocity and attenuation of two
helicon modes propagating along cylinders cf InSh at s;band freqﬁencies.
The measurements vgfe,qmong the flrst in semiconductors to demonstrate
the effects of *oundaries on gulded helicon propagation, and yilelded
very good agreement with existing theories. Drift currents vere applled
to the sample to see if an amplifying intcraction was present, biut none

. was observed even for clectric fields far above the noise emissivn tlaesi.-

"0ld. The detalls of these measurements”’' were presented at a .conference
and vere also pubilshed {Burke ard Kino).

PAPERS AND PUBLICATIONS

J. C, Eidson ard 3, S, Kind, "A Kew Type of Osclllation in Jrdiam anti-
wonide,” Microwave Laboratory Report Ro. 1%02, Stanford lniversi-y
(January - lQH‘; also p\.bhsr.;d in Appl. Phys. lLetters §, 183-180
(A}lrLl 1200). o .

J. C. Eidson and Juliana Shaw, "Oscillations and Noise in Indium Antli-
monide,” Misrowave Laboratory Report Ko. lsbh, Stanford University
(Jure 130); Technical Report, RADC-TR-£:-422,

B. E. Burke and $. 5. Kiro, "Helicon Wave Propagation in Indt,” Micro-
wave Latoratory Report No. 1537, Stanférd University (Mey 19675
also patl I.S‘ e-l in J. Appl. Phys. 35, w336 L‘lo\'err.be" 1907).
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"prnpefties can bte studied this way, but also by the kope that they may

- witli pissma yroperties of conduction electrons and toles in.semiconductors

w b S Bl 11 ¢

V. 'THEQRY OF CARRIER WAVE PROFAGCATION o
- (M. Chodorow, G. S. Kino, T. Wessel-rirg, and P, Gueret) _ i

A, IHTRODUCT IOH

An [utereshtng axd pbtentlally useful property of n;plnsmq !5,1§5 -
ability to suﬁporf a large variety of wave types. Waves in glseous" N
Flasmas have tecen the object -of extensive research for aevernl.depndgs. f
The subject of waves in a solld-state plasma is e more receﬁt,one; Tre
study of such uav&s is stimidated not_only'by the;facﬁ.thqt material .

have technologiral importance in microwave devices such ta_amplif;ers,

cxcillators, andcelectrunically variqble.dglay lines, o AVA' o o -
In spite of counsiderable dirferences.betuegp_gaseduq lnﬁ solldf_

state plasmas, many striking analogies. exiSQ beiween them from the point

of view of rlasma pheromei:a. This prolect was concerned rore prarticularly

ani semimetals, Poth in‘rirsic and extrinsic., In extrinsic semicondictors
ore is dealing wlt:. one carrier specles; ir intrimsic semicornductors as
well as in extricsic ones in the presence of righ injected carrier densi-

tics, iiére are two sjecies of cerriers witl egual ¢r nearly ez:al densi-

tics.

The purpose of lhis project was to exemine the different wave typos

“witich may exist ir a gPlid-sinte riasma under a variety of conditions.

Thesc .condlitious are essentially the prcsence of artitrarily oriented’
and 'EO .- It turns out that the re-
) ihAspace ure'gn important- factor in

electri¢Aand-mAgngticifields»-EO
iative orfeniations of F, ard F, | _
determining the nature of “he existing waves. C;ses were studied vhere
only one type of cerviers (electrens) was present, ard cases wnere toti
types {elcctrons and noles) exist within the material. ”'v '

Tris project was initially titled "Transverse Wave Siudies.” The
researcn durifi the early stafes resultes in five tecinlcal reports,

lisvea velow, It was from ti.is preliminar, work ihet the fresest prolec:
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evolved. The final technical report on thic project (M.L. Report No. 1533)

reports the details which are briefly swmmrized below:

B. HESKARCH SUMMARY

"We concentrated on a tyre of slov wave called carrier wave because
it has & phase velocity equal or nearly equal to the electrou dritt
velocity., Under sultable éonditions, these carrier waves can have very
1ittle damping or can“cven grov in space (convective instabllity).
'l'cchnol@;icully.- t.hls‘is'a very important result since it means that
sulid-stale delay lines or untplifiers cann be built uszing carrier vaves.

Another possibllity which was examiined conceried waves whose  amplitude

~ grove uniformly in time (absolute instability). 1n this case; the ob-

vious device application woeild be a sulld-state oscillator. - Besldes the
pussible Jdevice appliéatlous which can be derived, ti-ig study was. also
aired at fimding some sori of reasonstle explanation for a now femiliar
‘plienomenon knowt: as “microvave emission from inSt.” ’

My . : $ L . s
We expmined a variety of frstatilitiey viat may occur in semicon-

4 ctov or s~mi:clals; T most situations studied, the eu-rgy whicn
s:ustaing the instabilities is suprlied by an ex‘er:ai-electric field
wlich drirzs Liee garriérs in tre solid. 1un wie case, tiie encryy cones
trom aﬁ exter:al Jump which yerturbs tie carrier dis. sipution ous of
cagiTibrium and crestes sonc sort of population inversicn. Yxeept in
Ol caév, ali 1hsta:liities require lre presence of a. exturnai et

v n s
tield.

PASER ALL TUBLICATIOUR

e e N s "
L0l AESSEL -LOTE,

Stanford YUniversity (April 19.05}; Techiicel Heport, hAIC=TH-FL-3G3
(fZovember 1995). AD No. 624 '089. o

- Fes Houks, "Trensverse Waves in Accelerated Parallel-Flow Eleciron Reams

wlth Counctant Magnetic Fisld,” Dissertation, Microwave Latoratory
Keport o, 1323, Stasford Universicy (ley 19ub).

Cord wiion Frocesses; Hormal Modes, a1 Drift Instarl-
litles 1n Bilk Semi~Conductors,” Microweve letoratory Revort o, 1314,
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6. &. Kino, "Carrier Waves in Semiconductors,” Microwave Laboratory Report

No. 1393, Stanford University (August 19¢5}); Technical Report, RARC-
TR-v3-247 (190“) AD No. 62 090,

I'. Sueret, "Wave Propagation on Crossed Field Electron Beams,” Micrcwave
Luboratorv Report No. 1359, Sta:iford University (August 1965).

Tore’ Hessel-Berg, “The Electron Beam as an Electromagnétic Medium,” Micro-
wave Laboratory Keport No. 1378, Stanford Unlversity (Hovember 19!';,
Technlcrl Report RADCJTR-bb-JJO AD No. h86 688

r. uuere., "Wave Propagation urd Instubilitles in Senicondactors,' Disserta-
tion, Microwave laboratory Report No. 1533, Stanford University (Na.
19¢i; Technical Repor& RADZ-TR-67-339. AD No.’ 819 155
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-actfon Klystron: Efficiency and Bandwidth,” follows:

VI. SXTENDED INTERACTION KLYSTRONS
(M. Chodorow ‘und B. Kulke)

This pruject had been underwvay on the predecessor contract and was
nearing completion vhéﬁ the present contract began; the Flrst Semi-Annual
Repcrt or this centract reporled:thé'completion‘éf.the research;. At that.
time a technical report'onvthé whole research project was completed. The

abstract of this technical report, by 5. Kulke, titled “An Extended inter-

"T'he purpose of this vork wae to investigate tihe dependence of ihe
erriciency and the saturated bandwidth on the length and the loeding
conditions ot thie outpul resonator, and or the beam velocity. in an
extended-interaction klvstron. An experimental three-cavity exterided
interaction kiys1rou} with cavities corsisting of resorated scerions of
ring-bar siruciure, was tuilt ard tested. 7Tre experimental U ite was
deesty eu For rulsed operation neﬁr 2% wv at 1100 Mc. The active length
0! the output Tesorator was varievle betweer one 8r¢ Iive reconant half-
wavelengtus, The {unp.t a:d the intermediate cavities were made tunedle
€0 as Lo similate a wide-Land stegger-tured tunching section. Explora' iy
steps leading up to the final tube design were tie jnvestipavion or a
Viesal clicwls {8 stub-supporied meandar line), and the desbe, ronstruc-
tion, and Yewnm testing of a three-cavivy klystior srerat Lug Ay 17X KV

al 2500 Mc. All team tests were carried out o Lhe eiectron 6'ive, &

latoratory electiron beam contalned in a slender evacudtey placs t.i-

wilcn is luserted inls the structure Lo tr *ested in lle: of au actusl -
Lear.
"ijate erc presented wi.ch lead ic the followiny conclusions, bs

Lhe cavity length is tnerersed, the peaz ef ficlenny rises up te g ol
gd et remainge constant, while the Lanuewidatih incireases ropurtionail Lo
cavity Veegtl, s ke loading ls redicel, or a itiver cavicy lenph:, i
efficicnay enerally ris s monotonicaliy -a.til fartier red:cti:x ti, Joad-

L e Wits Lo tre Onse' Of regelcrative cavity osciliations 8t Lo
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frequency of the design resonance., The rnecessary suppression of regen-

A -
PAPERS AND PL'BLICA‘I‘IQIS_ -
B Kulke, "An Extended-Interaction Klystron; Etticlency md Bandvldt.*., ) -’ i
" Dissertation, ‘Microwave Luborotory Report No. 1320 Stunford 3
‘Universiiy (May 19€%).+ : T
M. Chodorow and B. Ki;ike,' “An Exterded-Interaction bl{ly'st.frén.:' Efficiency

,ernfive cacillation in admcent resnnnnces becomes mure difficult as the

ca\'ity length 1s in\.rensed, and a bnic limitation o cavity lergth 1is
glven by the quality of the coupler, whic!* must be cupable of providing
uni"orm cnd heavy loadlng ovex- a brosd f requeney range.

'I‘he nost. significnnt aspects of this vork were sumrized and
Dubllshed in a paper by t.hodorov and Kulse. ' ‘

I T

and Bandwidth," Microwave lLaboratory Raport No.: 1337, Stenford
- University (J-mc 136%); also putlisrted ir IEEE Trans. Electrorn
Devices ED-13, %39-447 (April 19€8). )
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VII. CENTIPEDE TWT
(D. K. Winslow and T. Reeder)

A theoretical and experiuent.l ltudy of the luplitude und phase
charucterlstics of high pover, broqdoand trlvelinp-vave tuhes uslng the
Centipede circuit was completed during the first qnnrter of this contract.
A complete technic.l report was written: T. M. Reeder, "Amplitude and

Phase Characteristics of Coupled Cavity Travaltng-“ave Tubes, " (berch ‘gin).
The abstract follows: '

"This investig-tion Is a theore*ic;l and’ experlmentnl stuql of the
amplitude and phnse characteristics of high-pover) broadband traveling-
wave tutes whlch use the coupled q.vity type of slow-wave clrcutt A
Psrticulnr tube is lbudied, one which uses. the Centipede circuit. + How~
ever, i€ results found here apply to other coup*ed cavity LnLvs s.ach as
the Cloverleaf or. tbe l.ong Slot.

The theoretical portion of this report describes & small signal wa"g
theory for the interaction of an electron beam with a chain of coupled
cavity resonators. This theory, which describes the coupling between
the two ?undamqnial_quce charge ‘waves of Qhe bean and the forward and
backward travqling waves of the circuit, has several advantages for
coinled cavi ’.);1 tubeg, While the three wave Pierce thek‘sry erroneously
prediété infinite gréﬁtng wave gair ver unit lengtl at the circuit cand-

edpes, tiiz Lo ary given here does not. An ejulvalent circult which is

‘a: accurate electrical analogy of the Certipede waveguide is. used to re-

present the coupled cavity circuit. The effect of cirouit lo;s is 1n-
cluded, _Aé-far.as electror beam dynezics are concerred, the ccupied
cavity 1s represented by a series of planar interactiou caps, each ene
veriodic length long.' The source ard load termiration of the c.rc-i&
are represenled by re§isz£ve iwpedance. Tius, the theory incisdes tic
essential physlcai Teatwu=2s of coupled cavity tutes in a way tnat is
anglytically straight rorward. The theory is used to calculmte the re-

lative rf field amplitude and phase secn at each ciroill zaciny. Fr
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con§tructing graphs. of cavity field amplitude apd phase versus cavity
position in the t&be, the saripus types of wave motion.existing on the
circuit are etudied as a function of frequenty and tube operating cor-
ditions. , h

"The validity of the wave theory is supported by experimental meas-
:remcntsidf'the Céntipede tube. Measurements of rf.field amplitude and.
rhase at each coupled cavity are described for s Centipede tube designed
for S-tand operaiion at peak pover output in excess of ore meg‘v.tt.

All measurements were performed urder small signal conditions., -Amplitude

~* “and phase measurements were first made vith the beam turned off so that

the cold attenuation and phase chsrncteristics of the Centipede circuit
could te cttained. ter measurements with -q_nccelernting voltage of
10G kv and pulsed team current of €1 amps showed that the rate of growtk
and phase shift'per cavity of the growing wave could be accurately meas-
ured witk this experiment, ESpecially interesting were measurements al
frequencies near the lower cutoff of the Centipede circult. BPBeating

' waves with phase shift per cavity close to the bearm phase were seen in

the output section of the tube despite high circuiz loss of 2 dBR/cavity
at tuiis frequency.” ,
A pader tassd on this work was later submitted for putlication.

Earlier related work on the predecessor contract resulted irn two publica-

‘tionr pertiaent to this project.

FAPERS AND PUBLICATICNS

T. ¥. Reeder, . "Amplitude and Fhase Characteristics of Ccupled Cavity
’ Traveling-Wave Tibes,” Dissertation, Microwave Labcratory Report
Jo. 1307, Stanford University {March 196%).

T. M. Reeder, "Au Equivalern: Circiit for Ccupled Cavity Waveguides,”
Kicrowave Jacorstory Repbrt Lo. 13kl, Stanford Unlversity (April
IQEE); submitted to IEES Trans. PGMTY.

5. Bair, "A Coupled-Monotron Analysis of Band-Edge Cscillations in
Eigr:-Fowar Traveling-Wave Tubes,” Microwave leboratory Peport Mo,
12t4, stasford Unlserstty {Ocloter 19.4); alsc publlished in !EEE
Trans. POOrD FL-12, S40 (October 1965).
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A. J. Bahr, M, Chodorow, and D. K. Winslow, "A Righ-Power Eleciron Stiek,"
Microvave Laboratory Report Ko. 1370, Stanford University (September
1965);_:130 published in IEEE Trars Electron Devices ED-13, 510-3:11
(May 19€6).
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.¥1il. TERLOLIC FERRITE DEViCES
(M. Criodorow, M. J. Shaw, aod W. F. Egen) -

K. IMYRODUCTION B - ‘

A \heoresical and experimental investigation of a new approach tu
varislle signal delay at micrdwave frequencies was conducted.  Th~ pria-.
ciral fedture of tiis apprnach was the use of an array of yttrium .ron

parnst signal crystal spheres as a pericdic propagating circuit. An

“apyrlied dc magnetic field contrclled the center frequency and width of

l:.: passband., Varyirg the maguitude of this field changed the velocity
of provagation of tre microwave-signql‘nlqu'the array for a giver fre-
g.:ency. This system hias interest as ar. clectronically ceatroliled delsy
liné ir the nanosecond-to-microsecond delay range, ard. also.as e YIG .fre-
< .ensy rilter whose rassbhané width a: well as center fregiency are eliec~

€.

~

rOhically'vnriab

3
.
l-"
?
7]
*1
4]
-
o
[+ ]
[
o]
=
[
Koe
<
w
-
w
o
[ ]
(2]
24
0
"
b
[-%
[+
<
-
ct
-4
n
ny
"
O

E
[
[od
o
e
O
"y
l1
54

B
0

‘difrerertial efquetiors o1 mot..s Jor ragnetizeiion in.ferrites, liwcore-

tical rro?a;atio:'nni attenuatfon cornsiants and group velocitles verc .
caleulated, includip the relevaut pracitical effects of dissipation in-
the territe camples, cylindrical shielding enciosures, and multiple

'néighbor'caﬁpltng. Basically, rtre propagation on the arre; changes framx

tackwari vave prope;ation {oppositely directed phase and group velocigléc)

w-on the de magnetic field is orierted along the array axis, o forward
wave pfépaguticn vhen the de fieid is orierted at right angles Lo tie
array axic. Corpiuter zererated -curves for a v riety of cases have beer
Cajrxia’éé and maf te found in the tecnnical report Ly rFoan. .
Tn exyerimental YIS arrave, one paving 'S spheres and ore raving

Q rineres, were constructed,  The Y15 spheres nad Zdiameter Of 0.3u8:,
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inches, were spaced 0.120 inches on centers, and had isolated linewldths

of 0.36'oersteds. An array fitted with very loosely coupled input and

output wavegulde couplers vas used'for'determinatiun of the disperslon

curve by means of résonance measurements. Such measuremerts can accuiately ‘
determine the dispersior curve which applies with perfectly mutch:ied coupier:s,
without the necessity of designing such ccouplers.: Close agreement was ob-
tained betveen theoretical and measured dispersiot characteristics. The
detalls are glven in the technical report by Egan and in the paper by Egan,
Shaw, and-Chodorow. - An array was also fitted with input and output couplers
tightly coupled to the external waveguidec, and éteps,were laken L5 avyroxi -
mately match these to the ferrite nrrny.T
ir the range of 3900 to. 3900 MHz.

It was rot the purpose of this project to undertare engineetiﬁg desinr

The array was operated at S-band

of broadtend courlers. which would be matched over the passband. However,
1t was found by tuning the éouplers separately at each point across the
yassband that the insertion loss could be held remasonatly TiatL acicsar tie
Tassband, and that insertion loss for the structure was penerelly irn tie
range of 15 éBE. The rasstand width, in terms of applied dz mapnetic tield
varistion recuired to tmake the structure from one end of the rasstand to
the other, was around 30 versteds, which corresponds to a frequency tand-
width of some B Mriz- at .corstant dc magretic field. Jeasure3d signal delsy
11 the structure varied from some 50 nanoseconds near band certer to Bartiss
I panoseconds weai . the band edges. This fe less by a factor of two tian
tne delay varlatlon'yredlctedkthecretically for this rartjcula:r stractar.
Yowever, irn geﬁerrl,‘time delears wricn lie in the rarge of short delays
crcontered here, ar. which vary rapldly with fielld and 'regiency. are
difficwl? to remasure. Special technicues vere employed 1nALng nLBS-Je-
ments, uslng tw) lndeperdent sfstens, but the resilting acc.racy s
limived, . i

The oitecome O0f the measuvements on ithe experimertal Y- arra.s is
1nat tii passtend width has been well verified, ©y Lioil r2s-canvs neay ae-
mente and transmissior ;easurements, and hat measurved Lime jelays are of
Ll ocerrect oraér.g'-More Aetailed information o: %l trgnsmissio; TeASs IV -

renty 1 breorjoreted $n-a techiicel report to te oo o] gaaue L gLneesLor
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con*ract, Some quantitative considerations concernving posslble applica-
tion:s to variatle delay lines, and n.lso to electronically varisble pro-
jagat Ing circults for microvave ampliflers, are glver in the Egan report.

(=]

PAPERS AND PUBLICATIONS

W. F. Egan, "Microwave Propagation in Periodic Ferrite Structures,”
Dissertation, Mlcrowave Labosatory Renort\’llo. 1535, Stanford
University (May 19€7); Technical Report, RADC-67-377 (August 19-7).
AD No. 819 850. '

V. F. Egar, K. J. Shew, and M. Chodorow, Prophgauon and Variable Delay

- on a Periodic Circuilt of YIG Spheres,. Microwave Laboratory Report
Ho. 1487, Stanford Uriversity ( December 1966), also published in’
J. Appl. Phys. -E, 1230 (1 March 196 ).
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IX. ADIABATIC MAGNETOELASTIC CONVERSION IN THE TIME DOMAIN
(B. A. Auld, J. Collins, and H. K. Zapp)

A. INTRODUCTION

1f the veibcity of propugution ina fcrrite medium varles with time,
the wavelength ‘of a propagating signal is conserved, while tlie signal

tiequency varies with time. 1In a medium where toth the impedance aid the

“velocity of propqgaiion are time-varying, & reflected signal at a shifted

frequency will also be produced. These effects have been well-known for
several years, but no experiments had been reported at the commencemen
of tiils project. In this project we were concerned with the effects ol a
tlme-vary!ng'dpplied magnetic fleld or magnetoelastic waves propagating
i1 a ferrite medium. '

Magnetoelastic wave propagation in ferrites provides an ideal means
tor realizlng suct, effects experimentaily at ;icrouavé frequencles, sincs

tre shor! wavelengti. of these waves allows the use of small samples and

tie Lime variation can be 1nducéd by means of a time-varving magnetic {ield.

Another advartage of the ferrite medlum is that the magnetoelastic waves

are hybrid waves exter.ding over a range from pure spin waves to pure acoustirc

waves. Lt 1c Ttrerelore possibie fo converi an avoustic wave ints a Spin
wave at the same wave numcer, and vice versa, Ly using a time-varying uas-

vetis field. A spin wave nhas & group velocity which is several orders of

magnituds smaller thar an acoustic weve; by thus controlling lhe iinme spent

- the spin wave state, storage of a yulse in the medium is permiticd.
Uiher possible signal processing functions which mizht Le realized i a
tirv-varying magnetoclasiic mediur are: (1) frezuency trarsiatiosn of

piises, (&) frequency codlng of pulses — for cxample cnivpirg, {3} julse

4
Nl

streteoiing or shriuking, and (4} reversal of m pulse wavefory in time,

tafude bowa oy
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B. RESEARCH SUMMARY

Using as a model the simple time-varying, spctially uniform transmis-

sion line 1nclud1ng losses, a genernl solution was obtatned uhich 11lus-

trated the general limitations on the time variation:

(1) The duration of the time variation must be 1ess than the relax-

(2)

“ation time of the wave.
Appreciable reflection occurs only when the duration of the

'_ time variation is less than 8 period of the vcve'\see M. L.

'Report No. 1582)
'By approximsting a gradual change in the applied magnetic field as a
“seqpence of sinall discrete steps, ‘relations were obtained for the reflec-

tlon coefficient of a pure spin vave traveling at an arbitrary angle. In

‘the same manner reflection end scattering into other modes ﬁe5'e?elni£ed

for a magnetoelastic wave propagating parallel to the magnetic field.

It was concluded from these results that reflection — and consequent.
time reversal of a pulse — would be difficult to obtain at microwave fre-

'quencies.

_saturcted magnetically, the interncl magnetic field has a t.ime~ 1ndependent

In the usual experimental arrangement, the 1err1‘e sample is

spaticl variation.v Uhder these conditions a separation of Jariables solu-

tion has been obtained for a spin wave propagation parallel to the applled

field (see M. L. Report No.~ 1582).

' Four basic experiments were performed under this proient

(1)

(2)

Frequency translntion of pure spin vaves, with a ghift o' 550 MHz.

_was obtained ct L band using an applied field Lklse of approxi-
‘mately 200 Oe and spaticlly orthogonal wire untenﬂas for couplin:-

(aee M. L. Report Nos.1h92 and 1506)
Frequency translation and partial mode conversior of magneto-

”felastic vaves vas observed (see M. L. Report No._esol), using

.? a: piezoelectric film coupler ‘on rods of YIG cnd ha-substlfuted

(3

Ylh The results vere In good agreement with treory.
Frequency modulation (chirping), with subsequent pulse compres-

aior, lnversion and expansion, has been observed ‘gee M. L. Re-

port Ho. 1506), In this experiment the signal 1s coxpled ir. vy

- j‘ -



means of a wire antenna and the magnetic field pulse is applied
at a time when the signal pulse is in the u-gnetoelastic region.{
Pulse compression rat;os up to 35 were achieved, and substantial
agreement with theory vas obtained (see M. L. Report No. 1522).

(4) variable magnetoelastic delsy up to 50 usec was obtained at L.
band and room temperature (see M. L. Report No. 1509), by using
the pulsed magnetic field as a gate which removes the turnirg
point from a wire excited ferrite rod.

Magnetoelautic vave propagation in & time-varying ferrite medium
provides a means for realizing rather complicated signal processing func-
tions in a simple compact structure. In an effort to mnkg systems designers
avare of these,ney pbssibilities a reVieu article dirécted_toward'chebnon-
specialist has been published: B. A. Auld, J. H. Collins,‘and R. Zeapp,

Microwave Signal Processing 1n a Nonperiodically Time-Varying Magneto-
elastic Medium,” Proc. IEEE 56, 258 (March 1968)

- PAPERS AND PUBLICATIONS

B. A. Auld, J. H. Collins, and H. R. 2app, "Microvave Signal Processing

in Time-Varying Magnetoelastic Medium,” Microwave Laboratory Report
No. 1582, Stanford University (September 1967); also published in
Proc. 1EEE 56, 258 (March 1968).

B. A. AJld J. H. Collins, and H. R. ZapP. "Spirn Wave Frequency (onver-
sion by Adiabatic Field Pulsing,” Microwave Latoratory Report No.
1492, Stanford University (‘December 1966) alco published ir Zlectr.
Letters 3, 35 (January 1967). L

¥. A, Auld, J. H. Collins, and H. R. Zapp, "Adiabatiu Time Domain Conver-
sion of Hybrid, Magnetoelastic Waves in YIG," Microwave Laboratory
Report %o. 1501, Stanford University (January 1967); alsv putlisted
in Appl Phys. Letters 10, 186- 188 (15 Marech 1967).

B. A, Auld J H. Collins, and H. R. Zapp, Frequency Modulation s&:d
Transiation with Magnetoelsstic Waves in YIG," Micrcwave Labcratory
Report No. 1506, Stanford University (February 19€7); preserted at
[EEE 1i-MIT [aternational Symposium, Boston May 196,

4, H, Collins and 4. H, Zapp, ‘Theoretical Considerations of Tlme _elay
for Rias-Field Pulsing in YIG," Microwave latoratory Report II:. 1522,
Stanford ‘Miversity (March 196); also piblished [: Fleetr. "-fters
3,4 (May b
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X. THEORY OF THE GUNN EFFECT
(G. S. Kino, K. J. Harker, R. Dunsmuir, and P. Robson)

A. INTRODUCTION ‘

The purpose of this project was to obiain computer solutions to the
Gunn effect equations. The model chosen to represent the GaAs sample was
time-dependent, spatially finite and one-dimensional, and capable of being
characterized by a vafying donor density. The provision for varying donor
density profiles allowed us to simulate the contact region at the sample
ends with a region of high donor density.

P. RESEARCH SUMMARY

The normalized equation for the electric field is parabolic and sub-
ject, thereby, to numerical instabilities unless the time increment is
made prohibitivity smell, It was found necessery, therefore, to sclve
this equation.by the implieit finite difference method, which is known
to be sbsolutely stable. The simultaneous sei of nonlinear algebraic
equations which arise from the implicit formulation wére solved by means
of an interaction method which depended, in terms, on the use of a relax-
ation parameier. A theory was evolvid for this relaxation parameter which
.ses. a variable depending on the time-step, which allowed us to continually
determine It as a function of the evolving solution. Full details for the
shecry are found in K. J. Harker, "Numerical Solution of the Gunn Effect
wquations.”

The numerical solution on the computer of the normalized equation .
ror the electric field allowed us to observe the detail of domain growth
and propagation. Early results with the program showed disagreement®. with
invariant domain theory, which was known to be correct. An exhaustive
analysis of the computer program shoved that the difficulty could be over-
come by writing the terms in the basic equation as perfect differentials.

When the appropriate changes were made in the computer program, good agree-

rent. was obtained with the invariant domain theory.

- Lo - i



It was determined that one always obtains an accumulation layer
ﬁhere the doping profile is constant with distence. Since, on the other
hand, one always observed dipole layers in experiments on GaAs, a major
effort was made to determine under wﬂat conditions dipole solutions could

_be obtained with the computer simulation. As reported by others using
computer programs, 1t was observed that a notch in the dOnor,density
profile would ceuse the generation of dipole domains. It was also found
that an upvard linear grade in the donor density from cathode to anode
would also cause the formation of dipole. layers.

A study made at another laboratory, to evalu;te with the computer
the validity of Gunn's éxperiment,*'vas used by us to determine the con-
duction current density curvé of GaAs. A set of parameters was chosen
for ourVCUmputer prbgram vhich similated a range of conditions encompass-
ing those used by Gunn. Voltage pulses of various widths were applied
and the current density measured. For pulses in the range used by Gunn,

the current density differed from 10 to 50% from the theoretical conduc-
tion current density. » |

It has been experimentally observed by several workers that the re-
versal of voitage polarity hss a marked effect or the current-voltage
curves of GaAs, especlally just below threshold. A study of this wes
made on the computer by applying a fixed voltage to linearly graded
samples and obser.ing the limiting curreht'throﬁgh the sﬁmple. This
‘process was carried out for donor density profiles both increasing and
decreasing toward the ancde in a sequerce cf increasing applied voltages.
Below threshold field the current density for donor density increasing
toward the anode was elmost identical to but slightly greater than the
case of decreasing density. At threshold, however, domusin fcrmation
occurred for the former case and the corresponiing conduciion current
density dropped abruptly downward below that for the lattér case, which
exhibited in domain formation. This caused a large di’ference betveen
‘the curves, as expected. One must conclude from this study that any

- marked deviation in the two curves is primarily due to -domain formation.

E 3 .
" J. 5. Gurn and B. J. Elliott, IBM Research Note NC%34 (Thomas J.
Watson Research Center, Yorktown Heights, Jul: 18, 1966).
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XI. EXPERIMENTAL STUDIES OF GUIDED ACOUSTIC WAVES
(H., J. Shaw and H. M. Gerard)

. . INTRODUCTION -

The eventual aim of this project is to experimentally study a type

: of acoustic propagation which has not yet been reported at microuave fre-

quencies. This involves guided acoustic vave propagation in thin films,
in which the ‘waves propagate parallel to the plane of the film. At lower
ultrasonic freqnencies, guided waves in self-supporting metal strips have
seen . important applicafion as pulse compression filters. This same func-
tion, .as well . as other microwave transmission signal Processing functions,
should be possible using dielectric rilms deposited upon suitable dielec-
tric substrates and the construction is compatible with integrated elrcuit

_techniques, Also, traveling wave amplifiers using theSe vaves may be

possible, using electrons drifted in the film to interact with the guided
acoustic vave. | '

The activity to date has been concerned with development cf the
necessary components for the guided wave experiment, particularly trans-
ducers for excitation of the waves, and deposition systems for prepara-

. tion of the films. The transducers will also be directly applicable-to

furrace weve delay lines and related deVices at both UHF and microuave
frequencies, in mddition to their application to the guided wave obJective
of this project.
B. RESEARCH SUMMARY

It may be useful to first describe ‘the nature of the eventual guided

vave experiments that are plenned under the successor contract, before

‘deseribing the work done to date on the development of components required

for tnese experiments. ‘At microwave frequencies, acoustic wavelengths are

. 1in the micron_range. Evaporated_thin films having thicknesses in this . -

rangs are readily deposited. The waves of interest would propagate parallel

- h3 -



to thé Plane of tle film, and the propagation characteristics are strongly
influenced by the boundary conditions formed by the top surface of the
filn and by the fllm-substrate interface. The waves are in genefal dis-
pe:sive and their propagation velocity and dispersion depend upon the
thickness of the film and upon the freqpency.*

The basic procedure to be followed in attempting to observe guided
waves in films will be to start with the crystalline substrate on which
the film is to Be eVapdrated, vhichvvill contain transducers {discussed

vaelow) for txe excitation and detection on Rayleigh surface waves along

the substrnte surface. The substrate will be placed in the vacuum system
for deposition of an SiO film on a portion of the substrate surface which
carries the surface vave. The surface vave will be continuously monitored

as the film déposltion is carried out. This will allow measurement of pro-

pagation constant and signal delay as a function of £ilm thickness. With
this procedure it should be possible to cover the range from zero film
Lhicknes~ (where the wave is a pure non-dispersive surface wvave with energy

ntirely in the substrate) to thicker films where the energy is largely in

“he film and maximum dispersion is observed. For still thicker films, the

waves will be essentially non-dispersive surface waves propagat11g on the

" Lop surface of the film

The vacuum station for 'this work is presently under design. Initial
experimental work wili,be déne vith signals at 100 MHz, and carried to
successiveiy highei frequencies after experience with the wavekproberties
has been obtained, ‘

The transducers are inter-digital comb structures of thz type analyzed
by Coquinn and Tiersten,* deposited directly on the piezoelectric crystal-
line substrate. Both guartz and lithium niobate substrates Lave Doon
employedQ The lithium niocbate crystals are grown at the Center for
aterials Research at Stanford University.

Qaarterly Status Report No. 34 for Contract Nonr 225(k48), Microwave
Roseaxcn,, Microwave Laboratory Report No. 1592, Stanford Unlversitys
(Uctober. 19677).

T“ A Coquinn and H. F. Tiersten, J. Acoustic Soc. Am. hl 4 {Part 2)
921 (1675,
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The present transducers are.pro@uced»by phioto-etei.ing of dgpgslted
#Iuminum films {n a photo;etch chility establishgddhere for this purpuse.
The transducers have 30 finger palrs with periodiéity of 33 microns (two
figgers plusv;vo_spaces),:for fundamental mode operation in the vieinity
of 100 Hﬁz. ‘inipigl operatiﬁn bf these devices has demonsirated 25 dB
total insertion lcss at 118 MHz.:°

ti-directional propertieé of the transducers (~ 6 aB), elecirical imped-

This lncludés cdntrlbutions dﬁe to

ance mlsmatches (~ € 4B), and losses in the electrical bodds to the comt
éle@trodes;fall ef .which are subject t¢ eliminattiorn, and this will be

undertakern. 45 a riext step under.tihe successor contract, wiilcl: should

~very substantially reduce the insertion loss. The sbove insertion loss
_also contalus tne acoustic transmission loss in.the substrate, which is

Vunknown at this time, but whicl is known to be strongly influenced ty

surface coutamlnation., The cw measuremente of thg électricgl’input imped-
”anée of fhé trdhsducers:as a function of frequgnéj; in the»neighborhood
of adousfic synchroniﬁm, Qill allow separation of thé varios s&:rces (L
incertion loss, and should provide very accurate measuremints of Lhes

guantities,
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XI1. YIG DELAY LINE STUDIES

1. DOUBLE-ENDED YIG VARIABLE DELAY LINE (B. A. Awd, H, J. Shaw, C. F.
Quate, and D. K. Winslow) ’

Hagnetoacoustic waves in single crystal ferrites offer the simplest
know mechanis m for achieving variable microsecond delays at udcrowave
frequenéiés.‘ Practical utility of these devicer has been limited by the
fact that in their usﬁal form they are basically one port, or single-
ended, devices.  The present project was concerned with a new scheme,*
for overcoming this problem (see M. L. Report No. 1475). The approach
we used utilized the acoustic couterpart of optical quarter-wave plates,
with the objective of converting a single-ended YIG delay line into what
is basically a double-ended device. 7

Experiments pefformed on this system at Stenford gﬁve very poor fe-
sults. This was ;ptribﬁted to the poor quality of the polystyrene and
phenyl salicilétg bonds ﬁsed to fix the quarter-wave plate to the ends
of the YIG. However, the theory of this device stimulated experiments
elsewhere, which were succ,essful.f This was due to the use of high
quality optical contact bonds (90% transmission at 1 GHz) for the quarter
wave plates,

2. ELECTROWIC fOCUSING IN ACOUSTIC DELAY LINES (B. A. Auld, J. ¥. Collins,
and D. Webb)

This p"OJect which evolved from the preceding one, is concerned with
ancther approach to the reslization of a double-ended YIG delay line. In
vrinciple such a device might be realized by using a YIG sample vhich is
shaped to give a concave-upward internal field profile. However, it has

Tv
B. A. Auwld, C. F. Quate, H. J. Shsv, and D. K. Winslow, "Double-ended
Yi( Varieble Delay Line," Conference on Electron Device Research, Pasadena,
June 1966,

"4, van de Vaart and H. Smith, "High Efficiency Polarization Reversal
of Magnetoclastic Waves in YIG by Optical-Contact Bonding of YAG Disks,"
Appl. Pluys. Letters 9, W39 (1966).
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been shown theoreticelly** and experimentally*f that defocusing of the
magnetoelastic beam prohibits operation in this configuration, Success-
ful two-port operation had previously been achieved by using a profile
wilch is concave upward at the center of the rod and concave upward at
the ends.Tf The optical cortact bonds described tbovef permlt tne use
of a simpler arrangemeni. Two YIS rods are optical contact bonded to
opposite ends of a YAS rod. The field profiles ir the YIC rods are then
of the convex-upward shape required for focusing of the magnetoelastic
beam, and the mcoustic vaves is transmitted from cne YIG rod to the other
through the YAG rod. ¢

An exrerimental modei of this device gave'vﬁriable delay from L to

8 useéc witn en insertion loss of 4 @B at 4.7 isec delay®™™ Tn the

“course of these experiments strong evidence was found for the excitation

of the Y1G at the end face of tiwe rod ratner than at the turning point
(M. L. Report Ro. 19.%). This should have importart vnplir'a.tlors 1‘0"
the desig: of broad band courling into the Y1G structure.

A paver or the relative merits of the YAZ-YIZ-YAG lire end tre YIN-
YAT-Y13 line as pulse corpression filters tas alsc Leen prepared (. L.

Report No. 1552}.

TAPERS ANl PUELLICATICHS

L. oA, £21d, C. F, {ate, ¥, 0. Stvaw, and T, Y. W .
vave Flates at Microwave Freguencies,"” Micr &
Ko. 1475, Ceanford lniversity (October 194:); alsc
Frys. Letters @, 43t {Decenter 19::).

E. A, Auld, J. K. Collins, and D. Webb, "Excitation of Magretoelastic
Waves in Y15 Delay Lines,” Microwave Lavoratory  Keper' Mo, 14:r,
Stanford niversity (July 1947); accepted for putl ication by J. Appl.

R
Ihys,
J. M. Collins ard Y. M, Zapp, “Analysis of "wo tort Leler [incs as Plise
Comyression Filteérs," Microwave l.aborator: Hepor® lLu. 992, Oianrord
University (June 12%7); supmitted o Troc. IEv:r.

A, Add, "Ceometrical Trvics of Marneloclastic Wave Yroparetic
in a Jonubitorm Magnetic Fleld,  Eell Sys. Teci.. J. L&, 295% {13.9).

£
Tt . - R, . ", : Y
J. i, Collins, n. Vazwas aivd I. V. AlexXasler,  Ihirinsic Two-Tors
" . R -~
Haruetoelastic Lelay line,” Electronics L=tters 2, 2.9 (194),
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XIIl. MAGNETICALLY DEPENDENT SOUND WAVE INTERACTIONS
(G. 8. Xino, J. Ruch, and R. Houle)

A. INTRODUCTTON

In plezoelectric semiconductors, such es the 111-V compounds,
acoustic waves can interact with mobile carriers within the materisl.
Under the proper conditions, it 1s possible to transfer energy from a.
background of movlng carriers to an acoustic wave propagalirg through

the medium.* Cuch amplification of acousti: waves has been observed iu

"several materials, notably CdS and Cads. However, acoustic amplifiers

rmade from ihese materials suffer from a problem of power dissipatiorn.
The drift fields required to produce carrier drift velocities & fex
times the sound wave velocity, where acoustic amplificatior can occur,
cause & large dc power dissipation. 1In the past this power dissivation
ras required pulsed drif- field operatiorn.

1t has now been si.own: theoretically 10 that, in the nigh mobilivy
raterials, t:e presencé cf & iransverse magrnetic field car have a very
siynificant effect upo: the power dissipation limitation. For exanple,
at i:e conudition of maximum acoustic galn, the additici of & transverse
rasnetic rieid of a ftew . kilopauss cen causc a ‘A fold reduciion in go

puwér dissipdtion. Thus, using a high motility material s.ch &s nh-Lipe

‘131 ar TTTr andd a transverse magneiic rield, cw anoustic wave ampiiTica-

Lo prould res:at.

Cur @iw :8s Leel to study the erfect of a transverse magnetic fiel

3

or. sound wave gFropaFa‘iorn in InSt and to use this inforwation in desi.s.-

.ng and consirioting a ow avdistic emplifier. We experireitally dewor-

strated ‘he ef'fact of tie maie-tic field., rurthermore, we inal.aded

crrent o e omagreetic Cield i ne small signal theory of soucud wal e

aiplitive” Jon in g rictieleCtrie sericordictor and compared inoin e i

dir--et fasnion witi expesimeile: resilis,
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B, RESEARCH SUMMARY

The research on tiis project includes an experimental c':eck of the

small signal ‘theory cof sowid wave amplification. ‘uecanse onlf the flnal

. {
quarterl' period of the contract uas devoted to this proJect, 0 1t was

not possible to construct an actuai acoustic wave transmission dﬁv

instead, a slightly indirect meinod wa: used. A tar of ISt at 779

placed'ln'transvgrse‘magnepic field,vil; generate acbgstoelectrlc domains

Cwith an applied drift field. We assume Lhat acouscoelectric domainrs result

from ampliz 1-.51:1;.. of ‘background thermaz nOLSe. Usug the s-nall eignal

_theoi?; one “can pﬂroximafe the thres*old of acoastoelectric domaln forra-

tion and cowpare Lhe theoretical benavior with experiment. Tr{s was done

-and g:ite gool agreement was obsc*ve, 2 We feel- that the effpﬂt of Lhe

[

npguetic ie‘d and the process of acou stoelectri; domain forma*lon are
ncﬁ well unde.ﬁtOOr 7t was also demons:rated that, with a t‘ransverse
rasnetic field &% 1nSt Tar will gereracte aeo«s'oe;ectr‘u doralins on a
cx tasiq. T"-; an—;;eustig ampl;;ie‘ which LOJ‘L operate Yeiow the poin?
of dorain ferrmation shoild certainly operate c¢w also. Such a device wiil
be COnszrg;Led"asba part of the progran éf the éuécessgr co“,ract Tre
device ﬁ111 bé a sl.ear wave amplifier, upera xna ar 0% iLia transverse

ﬂﬁdhc ie fieic gnd might te .ses as & nicreware ali—s‘ls ampiitier or as

a8 l 85 c)rpensatnd microwave delay lire thh-delsy times ayprpaching

‘G, S. Kino end R. Route. "Sound Wave Insteractions irn

10 ;.sec

-~ PAPERS ARD PUBLICATIY SS

Jn3e,” Microwvave
Laboratory Repori No. 158k, Stunford University (Septenter 1907);
- aiso puktlisned in Appl. FPhys. Letters 11, 3i2 (1l jiovomber 1967).
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